The use of the polymers tagged with heavy atoms in random positions along the chains (randomly tagged polymers) in small-angle X-ray scattering is proposed as a new method for measuring the chain conformations in concentrated solutions and in bulk polymers. The experimentally determined excess scattering from the tagged chains dispersed in the system is shown to be proportional to the scattering function of the hypothetical chains that have no tags but have the conformation of the tagged chains when the heavy atoms have sufficiently large scattering power. It has been experimentally verified that the effect of the tags on the chain conformation can be eliminated by the extrapolation of the apparent values, measured for a series of tagged polymers with various tag content, to zero tag content. The radii of gyration of the polystyrene chains (M = 1.1 × 105) in the bulk and in concentrated solutions in a good solvent and a 0-solvent have been determined. The chain dimension in a good solvent (toluene at 25 ~C) decreases rapidly first and then gradually approaches the unperturbed dimension with increasing polymer concentration. The dimension in a 0-solvent (transdecalin at 21"2~C) is independent of the polymer concentration. The conformation of the polystyrene chains in the bulk was found to be a Gaussian coil.
Introduction
It was for a long time impossible to measure directly the chain conformations in concentrated polymer solutions and in bulk polymers, because the individual chains in these systems are packed too densely for them to be distinguished from surrounding chains. The tagged-polymer method in small-angle scattering has now overcome this difficulty. It was applied almost simultaneously to small-angle neutron scattering (SANS) (Kirste, Kruse & Schelten, 1972; Kirste, Kruse & Ibel, 1975; Cotton, Farnoux, Jannink, Mons & Picot, 1972; Ballard, Wignall & Schelten, 1973; Wignall, Ballard & Schelten, 1974; Cotton et al., 1974 : Daoud et al., 1975 , Lieser, Fischer & Ibel, 1975 and to small-angle X-ray scattering(SAXS) (Hayashi, Hamada & Nakajima, 1974 , 1976 , 1977a . This method has markedly advanced the conformational study on concentrated solutions and bulk polymers during the last five years. The purpose of this paper is to present the fundamental theory of the tagged-polymer method in SAXS, and to summarize the information thereby obtained.
In the tagged-polymer method, the tagged chains are brought into relief against the surrounding chains because of the 'tags', or atoms with high scattering power. The tag is an isotope in SANS and a heavy atom in SAXS. The excess scattering of the tagged chains is determined experimentally from the difference of the scattering from a pair of samples: the solution (or bulk) of the untagged polymer, and the equimolar solution (or bulk) containing the untagged polymer and a small amount of the tagged polymer. From this excess scattering, we can estimate the conformation of the tagged chains. If the tagged chains have the same average conformation as that of the untagged chains, we can determine the conformation of the untagged chains. The conformation of the tagged chains, however, may differ from that of the untagged chains, because the thermodynamic properties of heavy atoms used as tags are different from those of the corresponding atoms in untagged chains. To eliminate this effect of the tags, we have developed a method of 'randomly tagged polymers', or polymers tagged in random positions along the chains. The application of these tagged polymers also enables us to obtain much more intensive excess scattering than that expected for an end-tagged polymer, as used by Krigbaum & Godwin (1965) .
Theory of the tagged-polymer method
We have shown that the excess scattering A lobs from a randomly tagged polymer is expressed in the form (Hayashi, Hamada & Nakajima, 1977c) ;
where No is the total number of scattering units in the irradiated volume of the sample, N the total number of units per polymer chain, and t the mole fraction of tagged units in the tagged chain.f~,f~, andfs are the structure factors of the tagged units, untagged units, and units in the solvent molecule respectively, din is the scattering of the untagged polymer in the solution of the untagged polymer, and Is the scattering of the solvent, if any. ~p, and tp2 are the volume fractions of tagged polymer and total polymer respectively. P(h) is the scattering function of the hypothetical chains which have no tags but have the conformation of the tagged chains, h is the absolute value of the scattering vector, and defined by (4n/2) sin O, where 0 is half of the scattering angle, and 2 the wavelength.
Equation (1) shows that the observed excess scattering Alob s is the sum of four different contributions. The first term P(h) in the square brackets contains the information on the conformation of the tagged chains. The second term appears because the randomly tagged chain has untagged units as well as tagged units and vanishes when the tagged chain consists of tagged units only. The other terms, which are referred to the "cross terms' in the scattering theory, arise in the course of the subtraction of the scattered intensities. The third term is attributable to the interference between polymer chains, and the last term to a liquid-like short-range order in the scattering units.
Since only the first term is required, it is necessary to eliminate the remaining terms. The second term can easily be subtracted because it is independent of the scattering angle. The third and last terms can also be subtracted by measuring AIn and Is. It is preferable, however, to make the experiments under the conditions that these last two terms are negligible. The numerator of the third term diminishes with decreasing (f,-fs) and f~, because AIn consists of two contributions which are proportional to (f~-f~)2 and (f,-.~)f~ respectively. The value of Aln/Noq~2 decreases with increasing ~P2, which is usually observed in scattering experiments.
Consequently the third term decreases with increasing tN, (f-f,) and q~2, and with decreasing (f,-f~) and f~. Similarly, the last term decreases with increasing tN and (f-f,), and with decreasing);, because Is is proportional tof2N0 . Therefore the third and last terms can be neglected if f, is much larger thanJ; andf~. With this condition, we can regard dlob ~ as proportional to P(h).
However, a value determined from P(h) may be affected by the tags. We can eliminate this effect by extrapolation; the values are measured for a series of randomly tagged polymers with various tag contents, and then extrapolated to zero tag content. By eliminating the intermolecular interference between the tagged chains from this extrapolated value, we can determine the correct value for the untagged chains. As for the radius of gyration, this process can be formulated:
is the apparent radius of gyration of the tagged chains with tag content t and observed at tagged polymer concentration ~p, and ($2) 1/2 is the correct radius of gyration of the untagged chains. The coefficients a,, refer to the intermolecular interference between the tagged chains, and b, to the effect of the tags on conformation. Since the nonlinear terms can be neglected for small t and ~p,, we can extrapolate both to ~p,=0 and to t=0 in a plot of ($2) lj2
(q~,,t) versus (~0, + t).
Experimental Materials
A narrow-distribution polystyrene (M= 1.1 x 105,Mw/M, polymer. Tagged polymers, which are random copolymers of styrene and p-iodostyrene, were prepared by partial iodination of the polystyrene according to the method of Braun (1959) . It was confirmed by light scattering that the degree of polymerization remained unaffected after the iodination. The iodine contents of the copolymers were determined by argentometry. Toluene was used as a good solvent, and trans-decalin as a 0-solvent. The solutions was held in a quartz-glass capillary for the scattering measurement. The specimen of the bulk polymer was prepared by dissolving the tagged and untagged polymers in toluene, precipitating them into methanol, drying the precipitate in a vacuum oven at 50 ~C, and then melting it in a mold 2 mm thick within l0 min at 140"~C. The isotropy ofthe specimen was assured by X-ray diffraction. The thermal stability of the tagged polymers was confirmed by comparing the iodine contents before and after heating. The stability of the samples toward X-ray irradiation was confirmed by the reproducibility of the scattered intensity.
Measurements and data analysis
Small-angle X-ray scattering was measured with a Kratky camera (Kratky, 1967, p. 63 ) equipped with a broad-focus Cu-anode X-ray tube. The scattered intensity was detected with a scintillation counter connected to a pulse-height analyser. The fluctuation of the primary beam intensity was less than 0.2% during an experiment. The scattered intensity was measured at about 40 angles, and 104-106 pulses were counted at each angle. The collimation error was corrected by the methods of Schmidt (1965), Lake (1967), and Glatter (1974) . A constant background scattering, which may originate from the second term in equation (1) and also from the electron-density fluctuation in the tagged chains, was eliminated according to the procedure of Luzzati, Witz & Nicolaieff (1961) .
The desmeared and corrected excess scattered intensity was plotted according to Berry ( 1966) :
where I(h) and I(0) are the excess scattered intensities at h and h = 0 respectively. From the initial slope of the plot of [1(h)/l(O)] -1/2 versus h 2 (square-root plot), the apparent radius of gyration was evaluated.
Experimental verification of the theory
First we experimentally evaluated the contributions of the cross terms to the observed excess scattering Alob.~ in equation (1). A1n and ls were determined experimentally, and t was evaluated from the content (molTo) of p-iodostyrene in the tagged polymer, andf,f, andfs from the chemical structure, by taking the volume of the scattering units as that of the solvent molecule. Fig. 1 shows an example. The cross terms were not completely negligible, but their influence on the estimate of (s2)l/2(q~,,t) was only a few percent.
Next we examined experimentally whether the radius of gyration estimated from P(h) in equation (1) truly represents the value for the tagged chains. For this purpose, we measured the radii of gyration of the tagged polystyrenes in dilute solutions by two methods. The first method was the conventional method; the values were determined from the difference between the scattered intensities of the tagged polystyrene solutions and those of the solvent. This method was available because the solutions were dilute enough to assure POLYMER CHAIN CONFORMATIONS IN CONCENTRATED SOLUTIONS AND IN BULK the absence of intermolecular interference between the polymer chains. These values are shown by the triangles in Fig. 2 . The second method was the tagged-polymer method; the values were determined from the excess scattering obtained by subtracting the scattering of the untagged polymer solutions from that of the equimolar solutions of the tagged polymer. The open circles show these values. Fig. 2 shows that the two sets of values agree well irrespective of the tag content. Therefore we can conclude that the value estimated from P(h) represents the value for the tagged chains.
Finally we examined whether the extrapolation of (S2)i/z(O,t) to zero tag content (t =0) validly yields the value for the untagged chains.* The filled circle in Fig. 2 shows the radius of gyration of the untagged polystyrene. This value is measurable only in dilute solutions. In concentrated solutions and bulk polymers, only the open circles are available, and by the extrapolation (t--, 0) the values for the untagged polystyrene can be estimated. Fig. 2 shows that the intercept of the extrapolation curve agrees well with the value for the untagged polymer. This provides evidence for the extrapolation. Fig. 3 shows the square-root plots of the excess scattered intensities measured for polystyrene in the bulk. The apparent radii of gyration obtained in this figure are plotted in Fig. 4 in accordance with equation (2). Two ways of extrapolation are possible" extrapolation to t =0 (triangles) and then to ~P, = 0" and extrapolation to ~0,--0 (open circles) and then t=0. The intercepts of the two extrapolations agree well, giving the value of 93_ 5 ,~ as the radius of gyration of the polystyrene chains in the bulk. The radius of gyration of this polystyrene in a 0-solvent is 89 _+ 5 A (Hayashi, Hamada & Nakajima, 1977a) . Hence, it can be concluded that the chain dimension in the bulk is almost the same as the unperturbed dimension. It is noteworthy that the values of (S2)l"z(q~,0) (triangles) are independent of the concentration ~0, of the tagged polymer. This behavior can be inter-preted as the absence of the correlation among the centers of gravity of the polymer chains in the bulk.
Applications

Chain conformation and dimension in the bulk
We estimated the more detailed conformation by comparing the excess scattered intensities with the theoretical ones. The scattering function P(h) of a Gaussian chain was given by Debye as
with X --~ (S2)h 2. Fig. 5(a)-(c) shows three examples of the comparison of the excess scattered intensity with the Debye function. Both values in each figure agree well with each other over a wide angular range. Therefore the chain conformation in the bulk can be regarded as a Gaussian coil. All the results obtained above support the prediction deduced from Flory's (1953) well-known theory of polymer solution and are not reconcilable with the collapsed-ball concept of Maron, Nakajima & Krieger (1959) and Vollmert & Stutz (1968 ,1971 . Fig. 6 shows an example of the measured scattered intensity, and Fig. 7 the excess scattering curve after the collimation-error and constant-term corrections. In Fig. 8 , the apparent radii of gyration at two polymer concentrations in toluene solution are plotted against the tag content or molto p-iodostyrene. Only the extrapolation to t=0 was made here, because the concentration of the tagged polymer was kept small enough (q~t=0-003-0.005) to assure the absence of interference between the tagged chains. Figs. 8 and 2 indicate that the effect of tags on the radius of gyration is less than 1 ~ when the p-iodostyrene content is less than 8 molto. Therefore we regarded the dimensions of the tagged polystyrene with 3.5 mol~ p-iodostyrene as the dimensions of polystyrene. Fig. 9 shows the concentration dependence of the chain dimension in toluene as a function of the volume fraction ~02 of the polymer. The dimensions are expressed as the expansion factor ~, defined by the ratio of (S 2) 1/2(82)1/2 where (S~) 1/2 is the unperturbed radius of gyration. As shown in this figure, ~ decreases rapidly first and then gradually approaches unity as the polymer concentration increases. Fig. 9 also shows the curves calculated from the theories of Fixman (1960 Fixman ( , 1961 Yamakawa (1965) Fixman & Peterson (1964) (FP) , and Krigbaum (1957) (K) . The first three theories are all applicable only to a relatively low concentration range. These agree well with one another and also with the experimental values. At higher concentrations, the last two theories hold well. Since all of these theories are based on the randomcoil conformation of the polymer chains, we can conclude that the chain conformation in concentrated solutions is a random coil. If the collapsed-ball concept described the situation the concentration dependence of ~ would be very different. Fig. 10 shows the theoretical curve based on the collapsed-ball concept, together with the prediction by the macromolecular domain model of Aharoni 11973). Evi- dently, these curves are not reconcilable with the experimental values. Daoud et al. (1975) have shown that ~2 is proportional to c -°'2s in the semi-dilute range, where c is the polymer concentration. Our data were fitted by the function c -°'°~1 in the range of c>0.1 gcm -3. Fig. 11 shows the concentration dependence of 0~ in a 0-solvent (trans-decalin at 21.2:C). Unlike the case of the good solvent, the chain dimension is almost independent of the polymer concentration. Theoretical studies on the chain conformations in concentrated solutions in 0-solvents have not been developed, but we except to do so in the near future.
Chain dimensions in concentrated solutions
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Conclusion
The main problem of the tagged-polymer method in SAXS was how to eliminate the effect of tags on the chain conformation without weakening the excess scattering. Although we have partly solved this problem by using randomly tagged polymers, it would be difficult to measure the chain conformations in crystalline and crystallizable polymers, because the effect of the heavy atoms becomes very severe. Recent studies by SANS also suggest this difficulty; even the isotope caused clustering of the tagged chains. We hope that the use of randomly tagged polymers in SANS will help to solve this problem to some degree. The conformation of linear polyelectrolytes in semi-dilute solutions (with overlapping chains) is not yet well known, because it is not easy to measure by most experimental techniques. For a first model, the lattice model, Lifson and Katchaisky (1954) assumed that the polyions are equidistant parallel rods. A recent paper (de Gennes, Pincus, Velasco & Brochard, 1976 ) develops an isotropic model by considering that the screening of electrostatic interactions due to the increasing number of polyions permits a partial interpenetration of the chains.
Small-angle neutron scattering is a suitable technique for studying polyelectrolyte solutions (Moan, Wolff & Ober, 1975) . In particular, this technique has recently shown the existence of a peak in the scattered intensity (Cotton & Moan, 1976) , attributed to the existence of order between the polyions. The aim of the work described here is to follow the variation of this peak with changes in the polyelectrolyte concentration, the concentration of a neutral salt and the density charge of the chain. The results will be discussed mainly in terms of the two theoretical models.
